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ALCOHOLIC LIVER DISEASE (ALD) and nonalcoholic liver disease (NALD) are major public health concerns worldwide (11, 72) . ALD and NALD have similar spectra of clinical presentation, ranging from hepatosteatosis to steatohepatitis, progressive fibrosis, and cirrhosis (4) . Hepatosteatosis, characterized by ectopic liver triglyceride (TG) accumulation (86) and often accompanied by hepatomegaly (9, 42, 65) , occurs in 90% of heavy drinkers (31) and is thought to be promoted by insulin resistance due to overnutrition (6) . Although long considered a benign condition, recent studies demonstrate that hepatosteatosis is a major susceptibility factor for subsequent liver insult (21, 37, 89) .
Among the many identified factors contributing to hepatosteatosis, there has been recent interest in the role of the sphingolipid ceramide. Ceramides are important cell membrane components that also act as second messengers in the cell, influencing diverse functions such as cell growth, apoptosis and insulin signaling (13, 33) . Two major pathways for ceramide production are de novo ceramide synthesis, with the rate-limiting step catalyzed by serine palmitate transferase (SPT) and hydrolysis of sphingomyelin by sphingomyelinase (SMase) (13) . Elevated ceramides contribute to insulin resistance that is often associated with nonalcoholic hepatosteatosis (14) attributable in part to their ability to inhibit Akt, an important mediator of insulin action (13) . Insulin resistance and elevated liver ceramides have also been observed in alcohol-fed animals (19, 52, 71) , and pharmacological inhibition of ceramide elevation prevents alcohol-induced insulin resistance and steatosis (52, 57) .
Ceramides inhibit insulin signaling in part by activation of the protein phosphatase 2A (PP2A), which limits Akt activation (13) . However, PP2A can also influence other intracellular signaling molecules, including AMP-activated protein kinase (AMPK) (53) , an important regulator of lipid handling in hepatocytes (36) . It remains unclear whether ceramide-dependent inhibition of Akt or AMPK are primary causes of fatty liver. Ceramides can affect many other pathways (78) , and elevated ceramides may contribute to hepatosteatosis through yet unknown mechanisms (14) .
In addition to elevating ceramides, chronic alcohol intake can also contribute to hepatosteatosis development through stimulation of fatty acid synthesis and inhibition of fatty acid oxidation. Alcohol-mediated inhibition of AMPK and peroxisome proliferator-activated receptor ␣ (PPAR-␣) are important contributors to this effect (22) . AMPK is a heterotrimeric protein kinase activated by increased cellular energy demand and involves upstream kinases such as liver kinase B 1 and calcium/calmodulin-dependent protein kinase kinase-␤ (36) . Activated AMPK inhibits fatty acid synthesis by phosphorylating and inhibiting acetyl-CoA carboxylase (ACC), which catalyzes the carboxylation of acetyl-CoA to produce malonylCoA, the rate-limiting step in fatty acid synthesis (36) . ACC inhibition by AMPK indirectly stimulates mitochondrial fatty acid oxidation, as malonyl-CoA inhibits transport of fatty acids into the mitochondria for oxidation (36) . AMPK activation may also inhibit fatty acid synthesis by inhibiting transcription of sterol response element-binding protein 1c (SREBP-1c) (76, 84, 103) , a transcription factor that drives production of genes involved in de novo lipid synthesis (15) . Hepatocytes isolated from alcohol-fed rats exhibit reduced AMPK phosphorylation in response to treatment with the AMPK agonist 5-aminoimidazole-4-carboxamide ribonucleotide (AICAR) (32) . Chronic alcohol consumption in animals is associated with reductions in AMPK protein and steady-state phosphorylation levels (3, 103) , and AICAR treatment reverses alcoholic steatosis (91) . PPAR-␣ is a transcription factor that drives expression of genes important for fatty acid oxidation (62) . Alcohol treatment of hepatocytes abrogated PPAR-␣ DNA-binding activity (30) . Alcohol-fed animals have reduced transcript levels of PPAR-␣ target genes, and alcoholic steatosis can be alleviated by PPAR-␣ agonist treatment (29, 63) . Together, these data suggest that alcohol-dependent inhibition of AMPK and PPAR-␣ contribute to the development of hepatosteatosis.
Adiponectin, an abundant serum adipokine, has many beneficial effects, including stimulating fatty acid oxidation and enhancing insulin sensitivity (98) . Adiponectin generates these effects in part through reduction of ceramide levels and activation of AMPK and PPAR-␣ (98), leading to suggestions that alcohol-mediated dysregulation of adiponectin may present a common mechanism contributing to hepatosteatosis development (104) . Adiponectin is a 30-kDa protein produced primarily by adipose tissue that circulates as trimeric (low-molecularweight, LMW), hexameric (middle-molecular-weight, MMW), and high-molecular-weight (HMW) oligomers (92) . Adiponectin reduces target tissue ceramide levels likely through activation of ceramidase activity in two identified adiponectin cell surface receptors, adiponectin receptor (AdipoR) 1 and AdipoR2 (38) . Adiponectin also activates AMPK and PPAR-␣ through AdipoR1 and AdipoR2, respectively (98) . However, the intracellular signals linking adiponectin receptor activation to AMPK and PPAR-␣ activation in vivo remain poorly understood (98) .
Although there has been much interest in the protective role of adiponectin in ALD progression, important questions remain. Some reports from clinical studies and animal models have shown that alcohol consumption increases adiponectin levels (17, 43, 88, 97) , whereas others observed the opposite effect (44, 96, 102) . Studies in alcohol-fed animals demonstrate that elevation of adiponectin to supraphysiological levels either with recombinant adiponectin or dietary modification was sufficient to reduce hepatosteatosis and liver damage (3, 85, 96) . However, it remains unclear how ALD progresses in the absence of adiponectin. Also, increased adiponectin has been associated with increases in AMPK phosphorylation and expression of PPAR-␣ target genes in the liver of alcohol-fed mice (102) , but whether adiponectin is directly or indirectly responsible for this effect is unclear. Finally, no data on adiponectin-dependent regulation of ceramide levels in alcohol-fed animals are currently available.
To begin to address these questions, we compared markers of ALD progression and adiponectin-sensitive pathways in alcohol-fed WT and adiponectin KO mice. Our data show that adiponectin KO mice are more susceptible to alcohol-mediated increases in hepatosteatosis and hepatomegaly. However, in the absence of increased inflammation in adiponectin KO mice, no differences in alcohol-induced increases in serum alanine aminotransferase (ALT), an important marker of liver damage, were found between WT and adiponectin KO mice. Steatosis and hepatomegaly were alleviated in alcohol-fed adiponectin KO mice by restoring circulating adiponectin levels using recombinant protein. An alcohol-induced increase in liver ceramide levels was observed in adiponectin KO but not WT mice. Importantly, treatment with myriocin, a specific SPT inhibitor, inhibited alcohol-dependent increases in liver ceramide levels in adiponectin KO mice and reduced steatosis and hepatomegaly. Together, these data suggest that adiponectin regulates lipid handling in alcohol-fed animals predominantly through regulation of liver ceramide levels.
MATERIALS AND METHODS
Animals studies. All animal procedures were approved by the Institutional Animal Care and Use Committee at Thomas Jefferson University. Adiponectin KO mice (B6.129-Adipoq tm1Chan ) (58), originally made available by Dr. Lawrence Chan (Baylor College of Medicine), or congenic C57BL/6J mice (Jackson Laboratories, Bar Harbor, ME) 10 -12 wk of age were housed in shoebox cages with ␣-cob bedding and mouse igloos (Bioserv, Frenchtown, NJ). Animals were pair-fed Reyes chocolate-flavored alcohol diet (Bioserv) (15.1% protein, 35.9% fat, 49% carbohydrate) or isocaloric Reyes chocolateflavored control diet, substituting ethanol calories for carbohydrate (maltose dextrin). The Reyes diet, comparable in composition to the Lieber-Decarli diet, was employed to overcome the rodents' natural alcohol aversion (69) and enhance alcohol intake (73) (74) (75) . Consistent with this, we observed that mice fed the Reyes diet formulated with 34% ethanol-derived calories (EDC) consumed on average 25-30 g ethanol/kg body wt per day (Table 2 ). This intake is elevated relative to reported consumption by mice fed a standard Lieber-DeCarli diet containing similar alcohol concentrations (17-20 g ethanol/kg body wt per day) (34, 96, 105) . Unless otherwise noted, mice were fed control diet for 3 days, then diet with 22% EDC for 7 days, followed by 27% EDC for 7 days and 7 days on 34% EDC.
Blood was collected from the tail of live animals and from the vena cava at death. Collected blood was incubated at room temperature for 30 min and centrifuged, and serum was collected for analysis. For liver analysis, animals were anesthetized and weighed, and blood was collected. Following death, the liver was dissected out and weighed, the left-lateral and medial lobes were freeze-clamped using liquid nitrogen-cooled aluminum clamps for biochemical analysis, and the right lobes were embedded in optimal cutting temperature compound (OCT) for histology. For AMPK Western blots, animals were anesthetized in 5% isoflurane, and the liver was immediately (within 10 s) freeze clamped as described (23) to prevent rapid postmortem changes in metabolite levels and AMPK phosphorylation.
Myriocin (Enzo Life Sciences, Farmingdale, NY) was dissolved in sterile 1ϫ PBS and administered by intraperitoneal (IP) injection (0.5 mg/kg) every 48 h for 8 days before death. For glucose tolerance tests (GTTs), animals were fasted 6 h and weighed, and an initial glucose reading was taken using Precision Xtra glucose meters (Abbott Diabetes Care, Witney, UK). Mice were given glucose (2 g/kg) by IP injection, and serum glucose levels were measured at 15, 30, 60, and 120 min following injection. Area under the curve (AUC) was calculated using GraphPad Prism 5 software (San Diego, CA).
Recombinant adiponectin treatment. Recombinant adiponectin was purified from HEK-293 cells, generously donated by Drs. Russell Miller and Morris Birnbaum, as described (10) . Briefly, HEK-293 cells stably expressing a secreted form of adiponectin were maintained in high glucose Dulbecco's Modified Eagle Medium (Life Technologies, Grand Island, NY) supplemented with 10% fetal bovine serum (Life Technologies), 20 mM HEPES (Sigma, St. Louis, MO) and 1ϫ penicillin/streptomycin solution (Life Technologies). For purification, serum-free culture supernatants containing adiponectin were precipitated with ammonium sulfate and resuspended in 10 mM HEPES, 50 mM NaCl, and 1 mM CaCl 2. Resuspended adiponectin was bound to a MonoQ HP HiTrap column (GE Healthcare Life Sciences, Pittsburgh, PA) and eluted using a 50 -500 mM NaCl gradient. Dialyzed eluent was quantitated using the BCA Protein Assay Reagent (Pierce Biotechnology, Rockford, IL) and adiponectin ELISA (B-Bridge International, Cupertino, CA). The presence of LMW, MMW, and HMW adiponectin oligomers was confirmed by SDS-PAGE under nondenaturing conditions (data not shown) and by HMW adiponectin ELISA (B-Bridge International). Alzet pumps (model 1007D; Alzet, Cupertino, CA) were filled with either 100 l of saline or recombinant adiponectin (10 g/l). Adiponectin-or saline-containing Alzet pumps were implanted in the interscapular region under anesthesia according to the manufacturer's instructions, and mice were treated postsurgically with Buprenex Injectable (0.1 mg/kg, Reckitt Benckiser Healthcare, Hull, UK).
Histological analysis. OCT-embedded liver samples were sectioned and stained with hematoxylin and eosin by the Kimmel Cancer Center pathology core facility (Thomas Jefferson University). Oil red O staining was done with NovaUltra Oil Red O stain kit (IHC World, Woodstock, MD). Images were captured using an Olympus CKX41 microscope fitted with a Qcolor3 camera (Olympus, Center Valley, PA). Liver sections were scored for hepatosteatosis using the Brunt scoring system (16) . Tissues that had Ͻ10% of total cell number with notable steatosis were scored 0, those with 10 -35% were scored a 1, 35-60% were scored a 2, and samples with Ͼ60% steatosis were scored a 3. Five fields/sample were scored.
Biochemical analysis. For Western blotting, tissue lysates were generated by homogenizing frozen tissue in RIPA buffer (Sigma) supplemented with phosphatase and protease inhibitor cocktails (Sigma), and sample protein levels were determined by BCA protein assay. Protein (20 g) was loaded onto an SDS-PAGE gel, and Western blotting was performed as described (23) . For analysis of serum hormone and cytokine levels, ELISA kits were used for adiponectin (B-Bridge International), HMW adiponectin (B-Bridge International), and TNF (eBioscience, San Diego, CA) according to the manufacturers' instructions. For TG measurements, 20 mg of tissue was lysed with 2:1 (vol/vol) ethanol/30% potassium hydroxide solution and precipitated by adding MgCl 2 to a final concentration of 0.5 M. Samples were centrifuged, and supernatants were analyzed for TG content using Stanbio Triglyceride Liquicolor (Stanbio, Boerne, TX) according to the manufacturer's instructions. Serum ALT levels were analyzed using the ALT/glutamic-pyruvic transaminase assay kit (Stanbio) according to the manufacturer's instructions. For ceramide analysis, 30 mg of tissue was homogenized in 100 l of water followed by addition of 750 l of methanol. Ceramide species were measured by liquid chromatography/tandem mass spectrometry at the Medical University of South Carolina lipidomics core facility as described (12) . Ceramide concentrations were normalized to sample protein content as assessed by BCA analysis.
Transcription factor binding activity was assessed from nuclear extracts prepared from frozen tissue using a nuclear extraction kit (Origene, Rockville, MD). PPAR-␣ DNA-binding activity in 100 g of nuclear extract was measured using the PPAR-␣ transcription factor assay kit (Cayman Chemical, Ann Arbor, MI) according to manufacturer's instructions.
For real-time PCR analysis, UPL probe-compatible primers ( Statistical analyses were performed using ANOVA unless otherwise noted. Data are presented are means Ϯ SD or means Ϯ SE.
RESULTS

Effect of alcohol consumption on circulating adiponectin levels.
Initial experiments examined serum adiponectin levels in WT mice fed Reyes chocolate-flavored alcohol diet, a modification of the standard Lieber-DeCarli diet. Using an isocaloric pair-feeding protocol (54), diet alcohol concentration was elevated stepwise from 22% EDC diet to 27% EDC and finally 34% EDC, with animals maintained on each alcohol UPL compatible primers were designed using UPL Assay Design Center. SOCS3, suppressor of cytokine signaling 3; MCP-1, monocyte chemoattractant protein 1; Sptlc1, serine palmitate transferase long chain base subunit; CerS1 ceramide synthase 1; Smpd, sphingomyelinase; Asah, acid ceramidase; AdipoR, adiponectin receptor; Tbp, TATA-binding protein.
concentration for 7 days. Maintaining animals on 34% EDC for longer than 7 days was associated with significant weight loss (data not shown). Alternatively, mice were fed a diet containing 22% EDC for 7 days followed by 5 wk on 27% EDC. No weight loss was observed in animals on this feeding protocol (data not shown). Animals on the 34% EDC diet had similar average total daily caloric intake to mice fed the 27% EDC diet (0.53 Ϯ 0.08 vs. 0.60 Ϯ 0.18 kcal/g body wt) ( Table 2 ) and to mice fed a standard chow diet (46) but had significantly higher average daily alcohol intake (22.0 Ϯ 3.5 vs. 29.1 Ϯ 8.9 g ethanol/kg body wt per day, mean Ϯ SD, P Ͻ 0.01) ( Table 2 ). The serum adiponectin levels in mice fed the 34% ECD diet were significantly elevated relative to control-fed mice (Table 3) , whereas serum adiponectin levels in mice maintained on the 27% EDC protocol were not significantly different from control-fed animals. These data demonstrate that, although total caloric intake is similar, average daily alcohol consumption by mice is increased by feeding the 34% EDC diet relative to 27% EDC. Additionally, 34% EDC feeding is associated with elevated serum adiponectin levels relative to control-fed animals.
Impact of alcohol feeding on liver damage markers in WT and adiponectin KO mice. Because 34% EDC diet feeding was associated with elevated alcohol intake and increased serum adiponectin levels in WT mice, we used this protocol to assess the effects of alcohol feeding on liver damage in adiponectin KO mice. No significant differences in alcohol or caloric intake between WT and adiponectin KO mice were detected (Table  2) . Liver sections from alcohol-and control-fed WT and adiponectin KO mice were graded for steatosis using the Brunt scoring system. In grades 0 -2, lipid accumulation was primarily periportal, whereas grade 3 samples displayed panlobular lipid accumulation (data not shown). No evidence of gross necrotic liver injury was observed under any of these conditions. Each treatment group exhibited variations in steatosis scores. and differences in distribution were assessed by 2 test. As shown in Fig. 1A , alcohol feeding in WT mice was associated with increased incidence of steatosis compared with control-fed animals [ . Consistent with the histological scoring data, liver TG levels were significantly increased in alcohol-fed WT mice relative to control-fed WT mice (Fig. 1B) . Elevated TG levels were observed in control-fed adiponectin KO mice relative to control-fed WT mice, and alcohol-fed adiponectin KO mice had significantly more TG than adiponectin KO mice or alcoholfed WT mice (Fig. 1B) . Together, these data show that alcoholfed adiponectin KO mice have more liver TG and hepatosteatosis relative to WT mice, suggesting that they are more sensitive to alcohol-mediated dysregulation of lipid handling.
Liver-to-body weight ratios were assessed as an indicator of hepatomegaly, which is found in both clinical (61, 80) and experimental (40, 42, 65) ALD. WT alcohol-fed mice had a modest increase in liver-to-body weight ratio compared with control-fed animals (Fig. 1C, 3 .7% vs. 4.36%), in agreement with previous literature reports (102) . Alcohol-fed adiponectin KO mice had a significantly larger increase in liver-to-body weight ratio relative to control-fed animals (Fig. 1C, 3 .32% vs. 5.76%), and this ratio was also significantly elevated over alcohol-fed WT mice, suggesting that adiponectin KO mice are more susceptible to alcohol-induced hepatomegaly.
Inflammation, and in particular TNF, is an important driver of both steatosis and steatohepatitis (1, 2, 5, 101) . Under conditions used in these studies, TNF levels in serum from alcohol-fed animals were below the level of detection (data not shown). Therefore, TNF levels were assessed in liver homogenates. In control-fed animals, TNF levels were lower in adiponectin KO than in WT mice (Fig. 1D) , whereas no alcohol-dependent changes in liver TNF protein levels were evident in either WT or adiponectin KO mice. Similar results were obtained when liver TNF mRNA transcript levels were assessed by RT-PCR (Fig. 1E) . By contrast, IL-6 and monocyte chemotactic protein-1 (MCP-1) transcript levels were elevated in both WT and adiponectin KO alcohol-fed mice relative to control-fed animals (Fig. 1E ), but no difference was detected between alcohol-fed WT and adiponectin KO mice. Alcohol feeding significantly reduced suppressor of cytokine signaling 3 (SOCS3) transcripts in WT mice but not adiponectin KO mice (Fig. 1E ). This observation shows that adiponectin Mice were fed liquid control diet or alcohol-containing diet with either 27 or 34% EDC, and serum adiponectin levels were assessed at harvest. (n ϭ 4, *P Ͻ 0.01) KO mice have reduced liver TNF protein levels and comparable alcohol-dependent changes in IL-6 and MCP-1 transcripts to WT animals, suggesting similar susceptibility to alcoholdependent changes in inflammation in WT and adiponectin KO mice. When liver sections were assessed for inflammatory foci, 12 out of 16 WT mice that were fed the control liquid diet had at least one inflammatory focus per five fields examined, whereas 11 out of 19 alcohol-fed WT animals had inflammatory foci. By contrast, only 3 out of 19 liver sections from control-fed adiponectin KO mice showed evidence of inflammatory foci, whereas 6 out of 20 liver sections from alcoholfed adiponectin KO mice had inflammatory infiltrate. We noted that none of the tissues examined had more than one focus per field, indicating that lymphocyte recruitment to the liver was not strongly induced using this feeding protocol. This is consistent with our TNF analysis and further suggests that increased inflammation in adiponectin KO mice does not contribute to alterations in lipid handling and hepatomegaly observed after alcohol feeding in these animals.
ALT, a clinically important measure of liver damage, was elevated in alcohol-fed compared with control-fed WT and adiponectin KO mice. However, no differences in serum ALT levels were observed between alcohol-fed WT and adiponectin KO mice (Fig. 1F) . Taken together, our data show that, with equivalent alcohol intake, adiponectin KO mice display higher levels of alcohol-mediated steatosis and hepatomegaly than WT mice but had lower liver TNF protein levels, with similar increases in inflammatory markers IL-6 and MCP-1 and comparable degrees of liver damage.
Adiponectin treatment reduces steatosis and TG accumulation in alcohol-fed adiponectin KO mice. To assess whether the increased alcohol-induced steatosis and hepatomegaly observed in adiponectin KO mice was directly or indirectly attributable to the absence of adiponectin, serum adiponectin was reconstituted in adiponectin KO mice using recombinant protein. Adiponectin purified from HEK-293 cells, which contains LMW, MMW, and HMW oligomers, was administered using Alzet osmotic pumps capable of delivering adiponectin or saline control solution for 7 days. Because pump implantation on day 1 of 34% EDC diet feeding was associated with a significant decrease in daily caloric and alcohol intake (data not shown), pumps were implanted on day 5 of 27% EDC feeding, and livers were harvested on day 5 of 34% EDC diet feeding. No serum adiponectin was detected in animals implanted with saline-delivering pumps (data not shown). By contrast, daily analysis of total serum adiponectin levels in animals with Fig. 1 . Liver and serum analysis after alcohol (Alc) feeding in wild-type (WT) and adiponectin (Adn) knockout (KO) mice. A: histological sections were scored for hepatosteatosis, and animals/score were plotted. B: quantitation of triglyceride (TG) from liver extracts. C: liver-tobody weight (B.W.) ratio. D: TNF-␣ levels were determined by ELISA using tissue lysates. E: mRNA extracted from livers of treated animals were assessed for IL-6, suppressor of cytokine signaling 3 (SOCS3), monocyte chemoattractant protein (MCP)-1 and TNF levels. F: alanine aminotransferase (ALT) measurements were determined in serum. Data presented as means Ϯ SE. NS, not significant, *P Ͻ 0.05, ***P Ͻ 0.01. adiponectin-delivering pumps showed stepwise increases on days 1-4 after pump implantation ( Fig. 2A) and levels comparable to control-fed WT animals on days 5-7 (Table 3 , Fig.  2A) . The HMW adiponectin level in implanted adiponectin KO mice was also similar to that observed in alcohol-fed WT mice at the time of harvest (Fig. 2B) .
When steatosis was examined in adiponectin-infused adiponectin KO mice, a notable decrease in oil red O-positive areas was observed relative to saline-infused animals after alcohol feeding, indicative of reduced liver TGs (Fig. 2C) . Consistent with this, a significantly reduced liver TG level was observed in adiponectin-reconstituted animals relative to saline-infused controls (Fig. 2D) . We noted lower total liver TG levels in pump-implanted mice (Fig. 2D) relative to unimplanted animals (Fig. 1B) , which may be attributable to reduced duration of the 34% EDC diet feeding period (5 days for implanted animals vs. 7 days for unimplanted). Restoration of serum adiponectin also alleviated alcoholdependent changes in liver-to-body weight ratio (Fig. 2E) . No differences in liver TNF levels were found between adiponectin-and saline-treated mice (data not shown). Interestingly, when transcripts for inflammatory markers were examined, we found that mice given recombinant adiponectin had reduced MCP-1 and TNF transcripts but elevated IL-6 and SOCS3 transcripts (Fig. 2F) . Also, no significant differences in serum ALT were observed in these animals (Fig. 2G) . These results show that restoration of serum adiponectin in adiponectin KO mice is associated with reduced steatosis and hepatomegaly after alcohol feeding, suggesting that adiponectin functions to directly counter alcohol-induced hepatosteatosis and hepatomegaly.
AMPK and PPAR-␣ activation in alcohol-fed mice. Because alcohol treatment adversely affects activation of liver AMPK and PPAR-␣ (103, 104) and AMPK and PPAR-␣ are reported to be responsive to adiponectin action (98), we investigated how alcohol treatment affects AMPK or PPAR-␣ in the absence of adiponectin. Liver AMPK protein level was lower in control-fed adiponectin KO mice relative to WT (Fig. 3, A and  B) . Both WT and adiponectin KO mice had reduced AMPK protein levels in alcohol-fed animals relative to control. However, no difference in AMPK protein was found between alcohol-fed WT and adiponectin KO mice (Fig. 3, A and B) . Absolute levels of phosphorylated AMPK (P-AMPK), a marker of AMPK activation, were reduced in both WT and adiponectin KO mice relative to control-fed animals (Fig. 3A) . However, because AMPK protein levels were also reduced, no change in the P-AMPK/AMPK ratio was observed (Fig. 3, A  and C) . Only control-fed adiponectin KO mice showed a significant reduction in the P-AMPK/AMPK ratio (Fig. 3, A  and C) . One possible explanation for this difference is that adiponectin is a determinant of the P-AMPK/AMPK ratio in control-fed but not alcohol-fed mice. We noted that pair-fed control animals routinely consume all the provided diet, which may create a nutrient-restricted state. If this is correct, we predict that no difference in P-AMPK/AMPK would be detected in ad libitum chow-fed WT or adiponectin KO mice, whereas enhanced P-AMPK/AMPK levels would be found in control-fed WT but not control-fed adiponectin KO mice. Consistent with these idea, we found that liquid control-fed WT but not adiponectin KO mice had an elevated P-AMPK/AMPK ratio relative to chow-fed animals (Fig. 3D ). This suggests that adiponectin is required for AMPK activation in control-fed animals. Taken together, these data show that alcohol-fed WT and adiponectin KO mice have similar reductions in AMPK protein and similar P-AMPK/ AMPK ratios, suggesting that alcohol-dependent changes in AMPK are independent of adiponectin action.
To assess PPAR-␣ activation, we measured PPAR-␣ DNAbinding activity in liver nuclear extracts from WT and adiponectin KO mice. Significant reductions in PPAR-␣-binding activity were observed in alcohol-fed WT and adiponectin KO mice relative to control-fed animals (Fig. 3E) . However, no difference in PPAR-␣ DNA-binding activity was detected between WT and adiponectin KO mice (Fig. 3E) , supporting the interpretation that alcohol-dependent deregulation of PPAR-␣ is adiponectin independent in the liver. Taken together, these data indicate that adiponectin is not the causal factor in the deregulation of AMPK and PPAR-␣ in alcoholfed animals. Importantly, this also implies that the increased steatosis and hepatomegaly seen in alcohol-fed adiponectin KO mice are not driven primarily by increased deregulation of PPAR-␣ or AMPK in the absence of adiponectin.
GTTs in alcohol-fed mice. Recent studies suggest that insulin resistance contributes to alcohol-mediated hepatosteatosis (19, 52, 71) . As adiponectin has been reported to have insulinsensitizing properties (98), we tested whether alterations in insulin sensitivity attributable to alcohol feeding are enhanced in adiponectin KO mice using a GTT. With the use of our standard alcohol-feeding protocol, GTTs were administered on day 7 of the 34% EDC feeding, and integrated AUC was calculated from changes in blood glucose levels as a function of time. As depicted in Fig. 3F , no significant alterations were Fig. 3 . AMP-activated protein kinase (AMPK) phosphorylation, peroxisome proliferator-activated receptor ␣ (PPAR-␣) activation, and glucose tolerance test (GTT) after alcohol feeding. A: Western blot of representative samples probed with antibodies specific for AMPK-␣ subunit phosphorylated on Thr172 (P-AMPK), total AMPK-␣ protein (AMPK), and GAPDH. B: quantitation of AMPK protein levels from Western blots (n ϭ 4/group). C: quantitation of P-AMPK relative to AMPK protein from Western blots in control and alcohol-fed animals. D: comparison of P-AMPK/AMPK ratio in chowfed and liquid control diet-fed animals (n ϭ 4/group). E: liver nuclear extracts assayed for PPAR-␣-binding to PPAR DNA-binding element. F: GTT administered following alcohol feeding. AUC, calculated area under the curve. Data presented as mean Ϯ SE. *P Ͻ 0.05, ***P Ͻ 0.01. detected in GTT AUC in alcohol-fed WT or adiponectin KO mice relative to control-fed animals. Because ethanol had no effect on glucose handling, it is unlikely that changes in glucose handling contribute to increased steatosis and hepatomegaly observed in alcohol-fed adiponectin KO mice. We also observed no differences in Akt phosphorylation levels in alcohol-fed WT and adiponectin KO mice (data not shown).
Myriocin treatment reduces alcohol-induced liver phenotypes in adiponectin KO mice. Alcohol feeding can alter liver ceramides (19, 52, 71) , and adiponectin-dependent regulation of ceramidase activity is important for many of its beneficial effects (38) . However, the role of adiponectin in the regulation of liver ceramide levels in alcohol-fed animals is unknown. Therefore, we investigated alcohol-dependent changes in liver ceramide levels between alcohol-fed WT and adiponectin KO mice by measuring both total ceramide levels and individual ceramide species in liver lipid extracts. Total ceramide levels were lower in control-fed adiponectin KO relative to WT mice (Fig. 4A) . Individual ceramide analysis showed that, although the average value of all individual ceramide species examined were lower in control-fed adiponectin KO relative to WT mice (Table 4) , ceramides C14:0, C16:0, C18:0, C20:0, C20:1, C24:0, and C24:1 were significantly lower in adiponectin KO animals (Table 4) . Interestingly, alcohol-dependent increases in total liver ceramides were observed in adiponectin KO but not in WT mice (Fig. 4A) . When alcohol-dependent changes in individual ceramide species were examined, increases in ceramides C24:0 and C26:0 were observed in both WT and Fig. 4 . Effects of alcohol feeding and myriocin (Myr) treatment on alcohol-fed WT and adiponectin KO mice. A: liver lipid extracts were analyzed for ceramide levels by liquid chromatography/tandem mass spectrometry and normalized to protein content. B: serum adiponectin levels at harvest analyzed by ELISA. C: liver triglycerides at harvest. D: liver-to-body weight ratio at harvest. E: serum HMW adiponectin levels at harvest in WT animals analyzed by ELISA. F and G: quantitation of Western blots of liver lysates probed with specific antibodies for adiponectin receptor 1 (AdipoR1) and AdipoR2 (F) or acid sphingomyelinases (aSMase) (G) and normalized to GAPDH. H: mRNA extracted from livers of treated animals were assessed for sphingomyelinase (Smpd) isoforms (a), serine palmitate transferase (SPT) subunits (b), ceramide synthase (CerS) isoforms (c), and acid ceramidase (Asah) isoforms (d). Data presented as mean Ϯ SE. (n Ն 4) *P Ͻ 0.05, ***P Ͻ 0.01. adiponectin KO mice. By contrast, whereas no changes in ceramides C14:0, C16:0, C18:0, C18:1, C22:0, and C26:1 were observed in WT mice, adiponectin KO mice had significant increases in these species. Alcohol-dependent decreases in ceramides C20:0, C20:1, and C22:1 were observed in WT mice, whereas no change in these ceramide species was observed in adiponectin KO mice (Table 4) .
To investigate the functional impact of alcohol-dependent changes in liver ceramide levels on steatosis and hepatomegaly in adiponectin KO mice, animals were treated with the SPT inhibitor myriocin, which specifically inhibits de novo ceramide synthesis (38, 93, 95, 99) . With the use of our standard feeding protocol, control-and alcohol-fed animals were treated with myriocin or vehicle control every other day during the 7 days of 34% EDC feeding. Surprisingly, we found that myriocin treatment was associated with elevated serum adiponectin levels in WT mice relative to vehicle-treated controls in both alcohol-and control-fed animals (Fig. 4B) , whereas no significant differences were observed in the HMW adiponectin oligomer (Fig. 4E) . Liver ceramide analysis showed reduced liver ceramide levels in myriocin-treated relative to vehicletreated control in both WT and adiponectin KO mice regardless of diet (Fig. 4A) . Interestingly, myriocin treatment inhibited the alcohol-mediated increase in total liver ceramides observed in adiponectin KO mice (Fig. 4A ). This inhibition is driven primarily by suppression of alcohol-mediated increases in ceramide C24:0 and C24:1 and significant reductions in ceramides C20:0, C22:0, and C22:1 (Table 4) .
Myriocin treatment also suppressed alcohol-dependent elevations in liver TGs in both WT and adiponectin KO mice relative to vehicle-treated controls (Fig. 4C) . Additionally, myriocin treatment significantly reduced the alcohol-induced increase in hepatomegaly in adiponectin KO mice (Fig. 4D) . Taken together, these data show that adiponectin KO mice are more susceptible to alcohol-mediated increases in liver ceramides. Furthermore, inhibiting the alcohol-mediated increase in liver ceramides with myriocin prevents increases in liver TG accumulation in adiponectin KO mice, suggesting that adiponectin suppresses alcohol-induced steatosis and hepatomegaly by inhibiting alcohol-mediated deregulation of liver ceramide levels.
Because adiponectin KO mice had alcohol-dependent increases in liver ceramide levels, we examined changes in the expression of enzymes known to regulate liver ceramide levels. AdipoR1/2 are thought to have intrinsic ceramidase activity (38) and are expressed at similar levels in WT and adiponectin KO mice (Fig. 4F) . We found that alcohol treatment increased acid SMase (aSMase) protein levels similarly in WT and adiponectin KO mice (Fig. 4G) . Interestingly, we found no change in aSMase transcript levels (Smpd1, Fig. 4H, a. ) Significant elevations in one of neutral SMase2 transcripts (Smpd3) were the only observed alcohol-dependent change at the transcript level (Fig. 4H, a) . Neutral SMase2 is thought to be the major neutral SMase that is involved in the response to cytokines and oxidative stress (20) . However, these effects of alcohol treatment were observed in both WT and KO mice. No alcohol-dependent changes in SPT subunits (SPTLC1,2; Fig. 4H, b) , ceramide synthases (CerS; Fig. 4H, c) , or acid ceramidases (Asah 1/2; Fig. 4H, d) were observed. We also measured transcript levels of SPT, CerS, and SMase in alcohol-fed adiponectin KO mice implanted with pumps delivering either saline or adiponectin and found no difference in any transcripts (data not shown), suggesting that adiponectin does not regulate ceramide levels through transcriptional control of the expression of these proteins. Taken together, these data show no evidence of alcohol-dependent differences between WT and adiponectin KO mice in the expression of adipoRs, SMases, SPT, CerSs, or acid ceramidase levels, suggesting that alcohol-dependent changes in liver ceramide levels in the adiponectin KO mice may be attributable to posttranslational effects on protein activity. Data are means Ϯ SE. (n Ն 4) Liver lipid extracts from vehicle-or myriocin-treated animals fed control or alcohol diet analyzed at harvest for liver ceramide levels by liquid chromatography/tandem mass spectrometry and normalized to protein content. *Alcohol-fed significantly different from control in vehicle-treated WT and adiponectin KO mice. †Myriocin-treated mice significantly different from vehicle-treated mice. ‡Control-fed adiponectin KO significantly different from control-fed WT mice. Sph, sphingomyelin.
DISCUSSION
The beneficial metabolic effects of adiponectin are well documented (98) , and it has also been argued that it protects the liver from alcohol-mediated damage (5, 76) . In particular, several authors found that supraphysiological adiponectin levels protect against alcohol-induced liver damage (83, 96) . However, it remains unclear how ALD progresses in the absence of adiponectin and how adiponectin exerts its positive effects in the liver. To directly address these questions, we compared markers of ALD progression and interrogated adiponectin-dependent intracellular pathways in WT and adiponectin KO alcohol-fed mice. We show that adiponectin KO relative to WT mice had alcohol-dependent increases in hepatosteatosis, liver-to-body weight ratio, and liver TG accumulation. However, transcripts of inflammatory markers and serum ALT levels were similar, and tissue levels of TNF were reduced. This suggests that adiponectin KO mice are more susceptible to alcohol-mediated dysregulation in lipid handling, but, in the absence of enhanced alcohol-induced inflammation, this did not lead to increased liver damage. We show that restoring circulating total and HMW adiponectin with recombinant protein in adiponectin KO mice lowers liver TG and hepatomegaly in alcohol-fed mice, indicating that adiponectin is directly responsible for these effects. Additionally, our study shows that adiponectin KO mice but not WT mice have alcohol-mediated increases in liver ceramide levels and that pharmacologically reducing ceramide levels is associated with decreased liver TG and hepatomegaly. Together, these findings suggest that, under conditions tested, adiponectin does not directly protect against liver damage, but is a critical regulator of liver ceramide levels that contribute to alleviating alcohol-mediated steatosis and hepatomegaly.
For these experiments, mice were fed Reyes chocolateflavored liquid diet to enhance alcohol intake. Although animals consumed high levels of alcohol, alcohol-dependent increases in MCP-1 and IL-6 were similar even in the absence of adiponectin, which is surprising given the literature suggesting that adiponectin is a suppressor of alcohol-induced inflammation (5, 60, 96) . Although adiponectin does have reported proinflammatory effects under some conditions (26, 66, 77) , the literature on the balance between pro-and anti-inflammatory effects of adiponectin is inconsistent (79) . For instance, different independently derived strains of adiponectin KO mice have varying levels of TNF (49, 59 ) and susceptibility to inflammatory stimuli. Adiponectin KO mice generated by Matsuzawa and coworkers (59) were shown to be more susceptible to developing colitis than WT mice (64) . By contrast, adiponectin KO mice derived by Chan and coworkers (58) , which were used in this study, were protected from colitis (27) . Furthermore, the Chan adiponectin KO mice tended to have lower serum TNF levels in response to LPS injection compared with WT animals (68) . The underlying reasons for these different responses are poorly understood (100) but are consistent with results presented in this study. The complexity of the regulation of inflammation by adiponectin is further illustrated by our results showing that adiponectin treatment of alcohol-fed adiponectin KO mice reduced TNF and MCP-1 expression but enhanced IL-6 and SOCS3 transcript levels relative to controls. This result is consistent with literature showing that adiponectin treatment induces IL-6 in mice (8) and that adiponectin can suppress alcohol-stimulated macrophage TNF production (90) .
The observed alcohol-dependent increase in serum adiponectin in WT mice after 1 wk of 34% EDC feeding adds to a growing literature demonstrating a complex relationship between alcohol intake and serum adiponectin levels. Interestingly, although an alcohol-dependent increase in total adiponectin levels was observed, no differences were detected between control-and alcohol-fed WT mice in HMW adiponectin, considered by some the most metabolically active form (35, 81, 94) . The increase in total adiponectin in 34% EDC-fed mice may be due in part to the lack of an alcohol-dependent increase in serum TNF in our animals, as TNF can antagonize adiponectin production by adipocytes (55) . In contrast to the increase in serum adiponectin after 1 wk of 34% EDC feeding, we did not observe significant changes in serum adiponectin after 5 wk of 27% EDC feeding. A possible explanation for this differential effect is that alcohol intake dynamically regulates adiponectin levels. Consistent with this idea, some authors have observed a transient increase in serum adiponectin in alcohol-fed mice (88) , whereas others have demonstrated no change for the first 3 wk of 34% EDC diet feeding, after which adiponectin levels decrease (96) . Another potential explanation is that increased alcohol intake observed in mice fed the 34% EDC diet contributed to increased adiponectin, as no change in adiponectin was observed at lower alcohol intake on the 27% EDC diet. This effect may be indirect, as increased alcohol intake was associated with weight loss in 34% EDC but not 27% EDC animals despite similar caloric intake. Adiponectin is upregulated during weight loss but is reduced under conditions of weight gain (7, 24) . This is consistent with the proposal by Kim et al. (47) that adiponectin production serves as a "starvation signal" for adipocytes, with adiponectin production diminishing as adipocyte hypertrophy progresses.
Steatosis and liver damage. Whereas alcohol-fed adiponectin KO mice had more steatosis, hepatomegaly, and TG accumulation relative to WT animals, serum ALT levels were similar, suggesting that steatosis and liver damage are separable phenomena. Although these phenotypes are often coincident, steatosis without increased liver damage has also been observed in alcohol-fed C5 KO mice and in mice harboring a hepatocyte-specific deletion of STAT3 (hsSTAT3 KO) (39, 70) . C5 is a member of the complement membrane attack complex, the terminal effector of the complement cascade initiated by C1q, which in turn sequentially activates C3 and C5. Adiponectin has considerable homology to complement cascade initiator C1q (41) and can also activate C1q (67) . Reduced activation of the complement cascade in the absence of adiponectin may contribute to the alcohol-dependent phenotypes in adiponectin KO mice. However, it is currently unclear mechanistically how complement activation contributes to hepatosteatosis development. Complicating the assessment of the role of the complement in the development of alcoholic liver disease is the observation that, whereas C5 KO mice have increased hepatosteatosis without increased liver damage, mice deficient in complement C3 are resistant to alcohol-mediated increases in liver TGs but are more susceptible to liver damage (70) . Interestingly, an alcohol-dependent increase in serum adiponectin was observed in C3 KO but not WT mice (18) , which could contribute to the reduced hepatosteatosis in these animals.
Alcohol-fed hsSTAT3 KO mice also show increased steatosis without increases in ALT relative to WT. STAT3 is a transcription factor driving production of many target genes including SOCS3, activated downstream of serum factors such as IL-6, IL-10, and leptin. Adiponectin has been shown to acutely activate hepatocyte STAT3 through an indirect mechanism involving stimulation of macrophage IL-6 production (8). It is interesting to note in this context that control-fed adiponectin KO relative to WT mice have reduced SOCS3 transcripts (Fig. 1E ) and that treatment with adiponectin induces both IL-6 and SOCS3 (Fig. 2F) . However, we did not observe any change in SREBP-1 DNA-binding activity in alcohol-fed WT or adiponectin KO mice (data not shown). This transcription factor was reported to mediate the increased steatosis in hsSTAT3 KO mice (39) .
It is also interesting to note that reduced inflammation relative to WT mice was consistently observed in C5 and hs-STAT3, as in our adiponectin KO mice, in response to alcohol feeding (39, 70) . Given the important contribution that inflammation plays in ALD progression, this raises the possibility that the similarity in phenotype is not attributable to adiponectin-dependent interactions with either the complement or STAT3 pathways but rather is attributable to abrogated inflammation.
Previous studies have demonstrated that elevating adiponectin above normal levels using either pharmacological or recombinant-protein treatments prevents both hepatosteatosis and liver damage (83, 96) . Our study shows that alcohol-mediated liver damage is not enhanced in the absence of adiponectin and further that restoring adiponectin to physiological levels does not have an effect on liver damage. This suggests that elevating adiponectin above normal levels may have additional effects not observed under normal physiological conditions.
Adiponectin effectors: the role of ceramide. Our data are consistent with studies demonstrating reductions in AMPK protein and PPAR-␣ DNA-binding activity in alcohol-fed animals (30, 103) . However, similar reductions were observed in WT and adiponectin KO mice, suggesting that this effect is adiponectin-independent. This conclusion is further supported by the finding that a decline in AMPK protein level and PPAR-␣ DNA-binding activity was observed in WT mice, where an alcohol-dependent increase in circulating adiponectin was observed. AMPK phosphorylation was also similar between alcohol-fed WT and adiponectin KO mice, suggesting that AMPK phosphorylation is also adiponectin independent in our animal model. These observations suggest that, in our system, enhanced alcohol-dependent hepatosteatosis and hepatomegaly in adiponectin KO mice are independent of AMPK. By contrast, our data suggest that adiponectin is required for AMPK phosphorylation in pair-fed control-fed animals. It is possible that alcohol treatment adds additional energetic stress to the livers of alcohol-fed adiponectin KO mice, activating AMPK in the absence of adiponectin. Importantly, our data suggest that neither AMPK nor PPAR-␣ dysregulation contributes to the increased steatosis observed in alcohol-fed adiponectin KO mice.
Because AMPK and PPAR-␣ likely did not contribute to alcohol-mediated increases in steatosis in adiponectin KO mice, alcohol-dependent changes in ceramide levels were investigated as mediators of adiponectin action. Consistent with a role for adiponectin-dependent stimulation of ceramidase activity (38), we found that adiponectin KO mice were more susceptible to an alcohol-mediated increase in liver ceramides. Reductions in TG and hepatomegaly in adiponectin KO mice following pharmacological reduction of ceramide levels suggest that an elevation in ceramides contributes to hepatosteatosis development in these animals. In contrast to other studies, we observed no change in total ceramide levels in alcohol-fed WT mice relative to control (52, 82) . This difference may be related to the observed alcohol-mediated increase in serum adiponectin in WT mice, which can counter ceramide increases through activation of ceramidase activity.
Our data showing that treatment with the SPT inhibitor myriocin suppressed the alcohol-dependent increase in total liver ceramides in adiponectin KO mice suggest that alcohol increases liver ceramides at least in part by stimulating de novo ceramide synthesis. The observation that alcohol-dependent increases in liver ceramide levels were not observed in WT animals further suggests that this increased flux through the de novo synthesis pathway is countered by adiponectin. Our data show no difference between WT and adiponectin KO mice in levels of proteins involved in ceramide synthesis and degradation pathways, consistent with the interpretation that this effect is posttranslationally mediated. This opens the possibility that adiponectin-dependent ceramidase activity is responsible for this effect. Supakul and Liangpunsakul have suggested that acid SMase plays a role in ceramide elevation in alcohol-fed animals (87) . Our data also demonstrate that alcohol increases acid SMase protein levels. However, treatment of alcohol-fed animals with the acid SMase inhibitor imipramine only partially inhibited the alcohol-mediated increase in liver ceramide levels (52) , suggesting that alcohol contributes to the elevation of ceramide levels through additional mechanisms. Myriocin treatment of control-fed WT mice also led to significant reductions in liver ceramides, which suggests that de novo ceramide synthesis is an important determinant of steady-state ceramide levels. Together, our data are consistent with the conclusion that de novo synthesis is the predominant contributor to alcohol-dependent accumulation of ceramides in the liver and that this effect is countered by adiponectin-dependent activation of ceramidase activity.
Contrary to expectations, we noted that total ceramide levels were reduced in control-fed adiponectin KO mice compared with WT. Reduced liver ceramidase activity in the absence of adiponectin would be expected to contribute to higher liver ceramide levels in adiponectin KO mice. This unexpected finding may be related to reduced TNF levels observed in adiponectin KO mice, as TNF increases liver ceramide production through stimulation of aSMase (28) , as well as through an inverse agonist effect of TNF on adipoR1-dependent ceramidase activity (50) . Consistent with a role for TNF in controlling steady-state ceramide levels, ob/ob mice, a genetic model of insulin resistance, have elevated ceramide levels relative to WT, whereas ob/ob mice lacking TNF receptors have normal ceramide levels, suggesting that TNF is an important determinant of ceramide levels (99) . On the basis of this evidence, we consider it likely that the observed differences in ceramide levels between control-fed WT and adiponectin KO mice are homeostatic and related to reduced TNF in the adiponectin KO mice. In further support for the hypothesis that the difference is homeostatic, adiponectin KO, but not WT mice, are susceptible to alcohol-mediated increases in liver ceramides, which suggests that ceramidase activity is in fact reduced in the absence of adiponectin.
When we examined individual ceramide species, we found that alcohol-fed WT mice had increases in only C24:0 and C26:0 ceramides, which were also seen in adiponectin KO mice. Increased C24:0 was also observed by Liangpunsakul et al. after alcohol feeding (52) . Ceramide synthesis is thought to be controlled in part by substrate availability (13) , which opens the possibility that hepatocytes in alcohol-fed animals accumulate C24:0 fatty acids. Accumulation of very-long-chain fatty acids may be indicative of peroxisome dysfunction (45) , as peroxisomes are critical for oxidation of these lipids. This would also be consistent with the observation from our study and others (29) showing decreased PPAR-␣ activation, as PPAR-␣ is an important driver of peroxisome proliferation (25) . Additionally, there may be alcohol-dependent increases in ceramide synthase CerS2, which is highly expressed in the liver and principally involved in the synthesis of C24:0 and C26:0 (51), both of which were significantly elevated in alcohol-fed animals in our study. However, no difference in CerS2 mRNA was observed in our analyses (Fig. 4H, c) .
In control-fed WT mice, myriocin treatment only reduced ceramides of chain length from C20:0-C24:1. By contrast, alcohol-fed WT mice had significant myriocin-dependent reductions in all ceramide species examined although changes in C18:1 and C20:1 did not reach significance. This suggests that alcohol-fed WT animals are more sensitive to the effects of myriocin. This may be due to increased adiponectin levels in alcohol-fed, myriocin-treated animals, which are elevated almost 2.5-fold over vehicle-treated control-fed animals. In support of the idea that increased adiponectin is required for enhanced myriocin effects in alcohol-fed WT mice, no difference in myriocin sensitivity was observed between control-and alcohol-fed adiponectin KO animals.
Our study of individual ceramide species also demonstrates that, when alcohol-dependent ceramide elevations were observed in WT mice, there was a larger increase in adiponectin KO mice; however, when no alcohol-dependent change was found in WT mice, there was an increase in adiponectin KO mice; when an alcohol-dependent decrease was observed in WT mice, no change was observed in adiponectin KO mice. This suggests that adiponectin KO mice had uniform increases in all ceramide species examined relative to WT, irrespective of saturation or fatty acid chain length. This observation is consistent with the idea that adiponectin-dependent ceramidase activity is not specific for fatty acid chain length or saturation. This is also supported by our observation that increased adiponectin observed in myriocin-treated alcohol-fed WT mice was associated with reductions in nearly all ceramide species examined.
Systemic myriocin administration had profound effects on liver ceramides but may also affect other organ systems in ways that impact hepatosteatosis. In clinical studies, elevated adipose tissue ceramide levels were positively correlated with hepatosteatosis severity, suggesting that liver-adipose crosstalk is an important determinant of hepatosteatosis (48) . Our data show profound myriocin-dependent effects on adiponectin levels, suggesting that adiponectin production by adipose tissue was directly affected by myriocin treatment and may contribute to the observed decrease in hepatosteatosis. Interestingly, our observation that myriocin treatment is associated with increased serum adiponectin is, to our knowledge, the first suggestion that adipose tissue ceramide levels can influence adiponectin production/secretion.
Summary. Taken together, our data show that adiponectin is an important regulator of lipid homeostasis in alcohol-fed mice but does not protect against liver damage in the absence of alcohol-induced inflammation. Our data also indicate that alcohol promotes hepatosteatosis through stimulation of de novo ceramide synthesis and that adiponectin opposes this effect, possibly through activation of ceramidase activity. Our study leaves open the question of whether increased hepatosteatosis in alcohol-fed adiponectin KO mice renders them more susceptible to further insult, and future studies utilizing alcoholfeeding protocols known to induce inflammation will be employed to address this question.
